We report here that reconstruction on (100), (1lIlA, and (1l1lB CdTe surfaces is either C(2X2), (2X2), and (l X I) or (2X I), (l X I), and (l X I) when they are Cd or Te stabilized, respectively. There is a mixed region between Cd and Te stabilization in which the reflected high-energy electron-diffraction (RHEED) patterns contain characteristics of both Cd-and Te-stabilized surfaces. We have also found that the Cd-to-Te ratio of the x-ray photoelectron intensities of their 3d 3 / 2 core levels is about 20% larger for a Cd-stabilized (1lIlA, (1lIlB, or (100) CdTe surface than for a Te-stabilized one. According to a simple model calculation, which was normalized by means of the photoelectron intensity ratio of a Cd-stabilized (lll)A and aTe-stabilized (1l1lB CdTe surface, the experimental data for CdTe surfaces can be explained by a linear dependence of the photoelectron-intensity ratio on the fraction of Cd in the uppermost monatomic layer. This surface composition can be correlated with the surface structure, i.e., the corresponding RHEED patterns. This correlation can in turn be employed to determine Te and Cd evaporation rates. The Te reevaporation rate is increasingly slower for the Te-stabilized (Ill) A, (l1l)B, and (100) surfaces, while the opposite is true for Cd from Cd-stabilized (Ill) A and (Ill)B surfaces. In addition, Te is much more easily evaporated from all the investigated surfaces than is Cd, if the substrate is kept at normal molecular-beam-epitaxy growth temperatures ranging from 2oo·C to 300 ·C.
I. INTRODUCTION
The II-VI semiconductor alloys Hgl-xCd x Te, Hgl-xMn x Te, and Hgl-xZn x Te are of great interest because of their use in infrared detectors. [1] [2] [3] [4] [5] [6] Cd l _ x Mnx Te and Cdl-xZn x Te are also interesting since the former is a widely studied semi magnetic semiconductor and the latter is an extensively used, lattice-matched substrate for Hg-Cd-Te alloys as well as a wide-gap semiconductor with a band gap that ranges from 1.5 to 2.3 eV and thus has a potential as a tunable source, detector, or solar cell in the visible region. 7 -1O The basic substrate materials for molecular-beam-epitaxy (MBE) growth of such alloys are CdTe, Cdl-xZn x Te, and to a lesser extent GaAs, whose crystalline quality is normally better than that of CdTe and Cdl-xZn x Te. However, a CdTe buffer is usually grown on the substrate, which must be thicker in the case of GaAs due to the large lattice mismatch. Therefore the MBE growth of high-quality CdTe is of the utmost importance. Consequently many workers 2 -16 have been involved in an attempt to improve the quality of MBE-grown CdTe-and Hg-based films.
Greater reproducibility in crystalline quality of MBEgrown GaAs has been achieved by correlating the bulk properties of MBE-grown GaAs to the surface stoichiometry." The structure of a real surface is always different from the structure of the truncated bulk material due to a rearrangement of the surface atoms. Thus the first layer has a different periodicity, which is strongly correlated to the bulk symmetry and which depends on the growth conditions. 44 For these reasons we have investigated the influence of various growth conditions on the CdTe surface. The method most widely employed to study the surface during MBE growth is reflection high-energy electron diffraction (RHEED). RHEED patterns can be used to observe surface reconstruction as a function of growth conditions such as source fluxes, substrate temperature, etc.
2 ,11-15 However, high-energy electrons (HEE) have been shown to influence the surface appreciablyl4 and thus one must be sure that the HEE are not changing what one is studying. To our knowledge, no publication has correlated RHEED patterns to the Cd and Te contents of the uppermost atomic layer or layers. Recently Benson et al. proposed that the half-order reconstruction (HOR) in the [011] aiimuth is related to aTe-stabilized surface and HOR in the [001] and [010] azimuths is related to a Cd-stabilized surface. 12 In principle, the concentrations of the surface layer or layers can be determined with the help of x-ray photoelectron spectroscopy (XPS). However, there are some experimental difficulties such as uncertainty in the atomic sensitivity factors (ASF). [16] [17] [18] [19] [20] In this investigation we determined the ratio of the photoelectron intensity of the 3d 3/2 core levels of Cd and Te, corresponding to the RHEED pattern of a (100) CdTe surface ranging from a Cd-stabilized to a Testabilized surface. We propose a simple model that is normalized using the results of measurements on the (111) A and (l11)B CdTe surfaces and that allows us to calculate a Cd fraction in the uppermost monatomic layer (Cd surface coverage) and thus to correlate it to a RHEED pattern. XPS measurements have been carried out on (lOO) and (110) 
H. EXPERIMENTAL DETAILS
The experiments were performed using a four-chamber RIBER 2300 MBE system; two growth chambers for wide-band and narrow-band I1-VI semiconductors, one XPS chamber, and one metallization chamber. These chambers are connected with each other by means of a transfer system. Normally the vacuum is better than 6X 10-10 and 2X 10-9 Torr in the narrow-band growth chamber and transfer system, respectively. The acceleration voltage of the RHEED electron gun was approximately 9 kV, the incident-electron-beam current was between 20 and 80 /LA, and the beam was focused as small as possible. XPS experiments were performed with a RIBER MAC2 electron spectrometer using a Mg K a xray source (h v= 1235.6 eV) with an acceleration voltage of 10 kV, a current of 10 mA, and without a monochromat or.
The substrates employed were mostly Cdl-xZn x Te (4% Zn) and some CdTe with (100), (110), (111) A, and (l11)B orientations. They were chemomechanically polished for several minutes, degreased using standard solvents, etched in a weak solution of bromine in methanol, and rinsed in methanol. Immediately prior to loading the substrates into the MBE system, they were rinsed in deionized water, briefly dipped in hydrochloric acid, and then rinsed in deionized water to remove any remaining carbon and all of the original oxide from the surface. The substrates were preheated at 100°C for 15 min and then the temperature was slowly raised to 340°C-350°C, until the RHEED pattern indicated an absence of oxygen.
In order to obtain a smooth CdTe surface as determined by the RHEED pattern, i.e., long, uniform streaks, and thus a consistent starting point, we first grew a CdTe buffer at 300°C-350°C for 2 h, which was about 1 /Lm thick. A CdTe flux of 3. 5X1O-7 Torr was used throughout this investigation for the growth of CdTe. The substrate temperature was lowered to 230°C and CdTe was allowed to grow for 1.5 h, with an additional thickness of about 1 /Lm. In order to obtain a smooth CdTe surface on the (111) A surface, a growth temperature of at least 320°C was required. Before a substrate was used again it was heated to 340°C for 10 min and a smooth surface was reestablished by growing a CdTe buffer for about 30 min at 230°C, again with the exception of the (111) A surface, which required 340°C. These are the normal starting materials for the experiments described below in the results from Secs. III A -III E, unless otherwise stated.
The substrate was then either kept in a Cd or Te environment in order to produce a Cd-or Te-stabilized surface, or heated to a higher temperature in order to obtain a mixed surface. The Cd and Te environments consisted of Cd and Te fluxes of 2 X 10-7 and 3 X 10-7 Torr, respectively. The only exceptions were a Cd flux of 1 X 10-6 Torr for the (110) surface and a Te flux of 6X1O-7 Torr for the (l11)A surface. The photoelectron-intensity ratio (Q) of Cd and Te 3d 3/2 core levels was measured at room temperature using the area of the corresponding peaks with an experimental error of about 1 %. The 3d 3 /2 core levels were employed rather than the 3d 5 /2 core levels in order to avoid the Ka satellites of Mg.
IH. RESULTS
Throughout this paper we consistently use the convention of referring to the direction of the incident electrons when referring to reconstruction in a particular azimuth. Normally, after preheating the (100) In order to get aTe-stabilized CdTe surface we opened the Te shutter immediately after CdTe growth and kept the starting material in a Te environment for about 2 min until the sample temperature was less than 210 °C. Whereas HOR was very strong in the [011] azimuth, it was weaker but distinct in the [011] azimuth. If the reconstruction were pure (2 Xl) as reported in the literature,6,12 the HOR in the [011] azimuth should be absent instead of weaker. We therefore suggest that either the surface is not completely Te stabilized or the reconstruction is an approximation of (2 Xl) but will be hereafter designated as (2 X 1). [010]
[031]
FIG. 1. The azimuths in which reconstruction can be observed in reflection high-energy electron-diffraction patterns of the (lOO) CdTe surface. The azimuths for a Te and Cd environment are indicated by thick and thin lines, respectively. azimuth was the same as that of the integral order streaks. It completely disappeared when in a Cd environment and therefore equal HOR and integral order intensities were considered to signify a Te-stabilized surface. At room temperature we found no change in the RHEED pattern. This is consistent with the fact that the desorption time of Te atoms from the surface at 21O·C is at least several hours, according to the measurements of Benson et al. 12 and Wu et al. 13, 14 From XPS measurements the photoelectron-intensity ratio Q was determined to be 0.430 and is listed in Table I .
B. (100) Cd-stabilized surface
Similarly, a Cd-stabilized surface was established by exposing the starting material to a Cd environment until the substrate temperature was below 180·C. After closing the Cd shutter and the main shutter, the substrate was held at 180·C for several minutes, and then cooled to room temperature where the intensity of the HOR between the zero-and first-order Laue zones was the same as that of the HOR between the first-and second- We have also preheated several CdTe substrates at 350·C-400·C for 15 min and then cooled them to 150·C in a Cd environment. Obviously such substrates should have a very rough surface. Their RHEED patterns were spotty and no reconstruction could be found. But their intensity ratio Q was about 0.50, which is almost the same as that for a smooth Cd-stabilized surface, 0.505.
C. (100) Cd-Te mixed surface
Surfaces intermediate to a Te-and a Cd-stabilized surface, as judged by the RHEED patterns and their intensity ratios obtained from XPS measurements, were obtained by keeping the starting material at a particular temperature without either a Te or Cd flux. The three surfaces that result at temperatures of 340 ·C, 280 ·C, and 230·C are considered below and the experimental results are also listed in Table I .
The first surface was acquired by growing CdTe at 340·C for 20 min and then allowing the sample to cool to room temperature after stopping the growth. HOR between the first-and second-order Laue zones in the [OlO] azimuth was still strong. HOR in the [031] azimuth was present but very weak. Using a smaller Cd flux at lower temperatures can also produce such a surface structure.
In the second case CdTe was grown for several minutes with the substrate at 280·C. HOR was weaker between the first-and second-order Laue zones in the [010] azimuth but stronger and clearer in the [031] azimuth than in the first case.
The third surface was that of our normal starting material, i.e., CdTe grown at 230·C for 30 min and cooled to room temperature after growth. HOR in the [010] azimuth completely disappeared, was very strong in the [011) azimuth, and was very clear in the [031] azimuth. The surface was very smooth as indicated by the uniform streaks in the RHEED pattern.
It is clear from The (1l0) face is a nonpolar face, as shown in Fig 2. This face is ideally terminated by Cd and Te atoms, each with a single dangling bond at the surface where nucleation and growth occurs. We grew CdTe on the (110) CdTe substrate at a temperature ranging from 150·C to 350·C and no reconstruction other than (1 Xl) was found. The (1 X 4) reconstruction, as found by Arias, Shin, and Gertner, on (110) Hg1-xCdxTe substrates,21 The (111) face in the zinc-blende structure is a polar face. This polarity leads to two types of faces, as shown in Fig. 3 . The first is the (l11)A face. It is terminated by either a triply bonded Cd atom or a singly bonded Te atom and is called the Cd face since the stable configuration is terminated by Cd atoms. We grew CdTe at temperatures ranging from 340°C to 200 °C but found clear (2 X 2) reconstruction, which is typical of a CdTe surface in a Cd environment, only during growth at temperatures between 320°C and 340 DC. After growth reconstruction became stronger and after 10 h at 230°C in the growth chamber, the HOR strength was the same as that of the integral streaks and the RHEED pattern was smoother. The intensity ratio Q was 0.509 and the RHEED patterns had not changed after the XPS measurement.
However, if kept in a Te environment until the temperature was 120°C or less, reconstruction was (1 Xl) and the measured Q was 0.402. High-energy electrons reestablished (2 X 2) reconstruction in a Te environment in a very short time, decreasing to nearly zero at higher substrate temperatures. This behavior was observed at temperatures as low as 70°C. In the absence of HEE and a Te environment, (1 X 1) reconstruction persisted for lO-20 s at 150°C before becoming (2X2). HEE irradiation was avoided, or more precisely limited to a period of 2-3 s, by means of a switch that allowed the x-y deviation voltages of the electron gun to be changed rapidly. After growing at 230°C for half an hour, the intensity ratio Q ranged from 0.480 to 0.495, increasing with the time that the film was held at a temperature of more than 200°C. In contrast, if the substrate was subjected to a Te environment until being cooled to 150°C or less, which maintained the (1 Xl) reconstruction, a Q of 0.433 was measured. Even though growth in a Cd environment is more difficult, (1 Xl) reconstruction was also observed on the (111)B face in a Cd environment, as observed by Benson and Summers.22 Its intensity ratio Q was 0.505.
( 1 Xl) reconstruction in a Te environment on both (111) A and (111)B was easily removed by HEE in a matter of seconds. It is obvious that HEE employed in RHEED observations have a large effect on these surfaces. This may be the reason why ( 1 Xl) reconstruction has not been reported before.
IV. MODEL FOR THE CALCULATION OF THE Cd FRACTION ON CdTe SURFACES
In this model we assume that a Cd-stabilized (111) A surface and aTe-stabilized (111)B surface are completely covered with one monatomic layer of Cd or Te, respectively. This allows us to calculate a surface ASF ratio for the Cd and Te 3d 3 /2 core levels. Using this ratio, the Cd fraction on the (lOO) and (1lO) surfaces can be determined. This calculation is described in detail below and the results will be compared with experiment.
In terms of XPS theory, the attenuation of the photoelectron flux through inelastic scattering can be described as follows. If Io(x) is the photoelectron flux, at a particular electron kinetic energy E, originating at a depth x below the surface of a solid, the flux I (x) emerging from the surface is given by
where A is the mean escape depth of an electron of energy E within the material concerned.
Thus flux, which experimentally is the peak area of the 3d 3/2 core level of either Cd or Te, is given for a (111) A surface by Cd 3d 3 /2 core levels range from 15 to 18 A.' The corresponding value for Te was calculated using the relationship of A-EO. 75. 23 Using this range of values for the escape depths results in an uncertainty in Q and R of ± 1 % and ±3%, respectively.
Assuming this model is correct for Cd-and Testabilized surfaces and normalizing it with Cd-and Testabilized OIl) A and (11)B surfaces, respectively, i.e., setting the experimental values for QCdOll) A and QTeOll)B in Eqs. (4) and (5), the factor Icd(O)IITe(O) was determined to be 0.395±0.009. This factor can in turn be used to calculate Q for other Cd-and Testabilized surfaces, e.g., QCd(100), QTe(lOO), QCd(111)B, and QTe(lll) A, which are listed in Tables I and Il along with their experimental values and their photoelectronintensity ratios.
Furthermore, both the calculated and measured values for R corresponding to the Cd-and Te-stabilized surfaces on (100), (110), (11l)A, and (111)B faces are reproduced in Table Ill .
It has been established by low-energy electron diffraction (LEED), electron energy-loss spectroscopy (EELS), and theoretical calculations that the (110) surface of CdTe undergoes a (1 XI) reconstruction)n which the Te atoms at the surface move out by 0.18 A and the Cd atoms move in by 0.64 A.
,26
Here we have ignored this effect since the photoelectron intensity should not depend upon the position of the atoms on the surface.
The experimental and theoretical values for both Q, the photoelectron-intensity ratio, and R, the ratio of Q for a Cd-stabilized surface to Q for a Te-stabilized surface fit well with the exception of QCd(1H)B and of course QCd( 111)B IQTe( 111 )B, which will be discussed below.
In Fig. 4 the photoelectron-intensity ratio Q for the (lOO) surface is plotted versus the Cd surface coverage, Le., the fraction of Cd in the uppermost monatomic layer.
Here the theoretical values for a Cd-and Te-stabilized (lOO) surface are connected by a solid line and the theoretical uncertainties are represented by two dotted lines. The experimental values for Q are represented by circles with error bars. A theoretical Cd surface coverage can be read directly from Fig. 4 for an experimental Q value. Thus the Cd surface coverage is 5% and 78%±6% for Te-and Cd-stabilized (100) CdTe surfaces, respectively. Reconstruction in the RHEED patterns for the (100) surface with nearly equal amounts of Cd and Te occurs in all of the above-mentioned directions, which are listed in Table I . This situation is nearly the same as that observed during the growth of conducting CdTe films using excess Cd flux.
13 According to RHEED, the surface is smooth and displays characteristics of both a Cd-and Te-stabilized surface, Le., HOR in the [011], [010] , and [00 1] azimuths appear equally strong. This is possible if Cd-and Te-stabilized areas are connected by small steps.
V. DISCUSSION The growth of high-quality CdTe or Hgl-xCd x Te films requires a knowledge of the substrate surface, i.e., concentrations and structure, as determined by methods such as RHEED, XPS, etc. But it is difficult at best to measure the actual surface concentrations. If one uses XPS measurements, then one is confronted with large uncertainties in the atomic sensitivity factors due to differences in XPS instruments and standards.
Lu, Feigelson, and Route studied CdTe (111) surfaces using angle-resolved XPS, Auger electron spectroscopy, and low-energy electron diffraction.
19 They used ASF from the VG ESCALAB handbook to normalize their XPS data and found that Cd and Te compositions on the (111) A and (111)B surfaces were almost the same, 50.0%±0.5%. However, their samples were sputtered using a l-kV Ar ion beam for 10 min before being annealed at 300·C for 5 min. Obviously these surfaces have been prepared much differently than ours and no comparison should be made. Hsu et al. 16 used thick polycrystalline layers of CdTe, which they proposed to be stoichiometric in order to normalize their XPS measurements of (l1l)B CdTe. They did not describe the growth conditions under which these layers were grown. However, we have found that polycrystalline CdTe grown on (lOO) CdTe substrates at room temperature, 130 ·C, and 16O·C have a Te-rich surface, i.e., have a photoelectron-intensity ratio of0.42±0.01; see Fig. 4 .
A previous investigation with a RIBER MAC2 electron spectrometer utilized pure Cd and Te on molybdenum in order to normalize the photoelectron intensity of the 3d s /2 core level of Cd and Te, and thus to obtain an ASF ratio of 0.83. 18 Using this ASF ratio resulted in a Cd-to-Te ratio of 0.69 to 0.51 in a thin CdTe film with a thickness of 38 to 10 A. Lu, Feigelson, and Route l9 and Ekawa et al. 2o used an ASF ratio of 0.73 and 0.83, respectively, to normalize their XPS data for 3d S /2 core levels of Cd and Te on a VG ESCALAB MK 11 and on a SSX-l00, respectively.
In this investigation we have normalized the photoelectron-intensity ratios for the 3d 3/2 core levels by assuming that Cd-stabilized (111) A and Te-stabilized (111)B surfaces are covered by one monatomic layer of Cd and Te, respectively. The experimental and theoretical values of the photoelectron-intensity ratio Q are in good agreement. The only exception is the value of Q for the Cd-stabilized (HOB surface, which can be explained if the singly bonded Cd atoms on the Cd-stabilized (lll)B surface have undergone a rearrangement, which is not taken into account by our model. Another possibility is that the surface is not completely Cd stabilized, even with Cd fluxes up to 1 X 10-6 Torr. Subjecting the (l11)B CdTe surface to a large Te flux, 4X 10-7 Torr, at 210°C resulted in (1 X 1) reconstruction. According to our XPS measurements the surface was Te stabilized with a photoelectron-intensity ratio Q of 0.433. Benson and Summers observed (2v'3 X 2v'3)R 30° but not (1 X 1) reconstruction on the (lll)B CdTe surface, probably a result of the higher temperature of 300°C, a much smaller Te flux and possibly the effect of HEE. 22 Because of the good agreement between the experimental and theoretical values of the photoelectron-intensity ratio Q, the surface composition can be correlated with the surface structure, i.e., the corresponding RHEED patterns, as illustrated in Table I . This correlation can in turn be employed to determine Te and Cd evaporation rates as judged by the appropriate changes in the reconstruction.
In this manner we have found that Te reevaporates from a (1 Xl) Te-stabilized (l11)A surface very rapidly and indeed faster than from a (I I l)B or (lOO) surface, i.e., the reevaporation times are I s or less, 10 sand 3 h at 230°C, respectively. The reevaporation of Cd from the Cd-stabilized (Ill) A face is much slower than from the Cd-stabilized (l1l)B, i.e., we see no change after 10 h for the former surface as compared to an evaporation time of less than 10 min for the latter surface. Sivananthan et al. have reasoned that since the (111) A and (lll)B surfaces are terminated by triply bonded Cd and Te, respectively, Te should act as a cap for Cd and Hg on the (lll)B surfaces of CdTe and Hgl-xCd x Te, and thus that Hg and Cd should reevaporate more easily from the (Ill) A surface than from the (lll) B surface. 15 However, we have observed the opposite behavior for Cd, i.e., according to the RHEED patterns the Cd-stabilized (111) A surface remains smooth whereas the Cd-stabilized (lll)B surface changes in about 10 min. The evaporation rate of Te is much larger than that of Cd, therefore, the evaporation of Cd should be the limiting factor as far as the surface structure is concerned.
VI. CONCLUSIONS In conclusion we have shown by means of XPS measurements and RHEED observations that CdTe (111) A -( 2 X 2), (lll)B -(1 X I) in a Cd environment, and (l00)-c(2 X 2) are Cd-stabilized surfaces, and that CdTe (l1l)A-(1Xl), (l1l)B-(lXl) in a Te environment, and (l 00)-( 2 X I ) are Te-stabilized surfaces. There is a mixed region between Cd and Te stabilization in which the RHEED patterns display both Cd-and Te-stabilized surface characteristics, and one is able to obtain a stoichiometric CdTe surface, i.e., the Cd-to-Te ratio in the topmost monolayer is near I, if the proper fluxes and substrate temperature are employed.
The Cd-to-Te photoelectron-intensity ratio was used to determine the Cd fraction in the uppermost monatomic layer on the surface according to our simple model. Furthermore, the Cd surface coverage was correlated with the surface structure, i.e., the corresponding RHEED patterns. This correlation could in turn be employed to determine Te and Cd evaporation rates. The Te reevaporation rate is increasingly slower for the Testabilized (111) A, (Ill)B, and (100) surfaces, while the opposite it true for Cd from Cd-stabilized (111) A and (III)B surfaces.
The Cd-to-Te photoelectron-intensity ratio for the 3d 3 /2 core levels, on (lOO) and (lll) surfaces, is about 20% larger for a Cd-stabilized surface than for a Testabilized surface, independent of atomic sensitivity factors.
